Abstract. Information concerning the drivers of seasonal variation in algal biomass in subtropical mountain streams is limited. To identify the drivers of biomass dynamics for epilithic algae, a 20-month study was conducted in mountain streams in Taiwan, an area characterised by different levels of riparian vegetation coverage and agricultural activity, in which a process-based model was optimally fit to field data. We found that episodic typhoon-induced floods were the major drivers shaping the seasonal variations in algal biomass. Flow-induced detachment was frequently observed in periods of higher algal biomass. In contrast, an increased flow stimulated algal growth during periods with slower flow rates. Increased temperature stimulated algal growth at sites with an open canopy cover and higher light availability but constrained biomass at sites with dense canopy shading. Overall, scraper biomass exerted less influence on algal biomass than did environmental factors. The effects of grazing were visible only at the pristine, low-stream-order site in winter. The effects of minimal algal biomass required for recovery was comparable to environmental factors only at sites with intermediate canopy cover, moderate discharge, and higher nutrient concentrations. We suggest that agricultural activity and riparian vegetation can affect epilithic algal biomass in subtropical mountain streams.
Introduction
Epilithic algae are one of the major primary producers in stream ecosystems. Changes in their community structure, biomass, and rate of primary production play key roles in determining the rate of material and energy flow and the structure of food webs in streams (Minshall 1978) . They are also widely used for water quality remediation (Azim et al. 2005) and as indicators for aquatic environmental monitoring because of their high sensitivity to natural variations and anthropogenic disturbances (Hill et al. 2010) . Understanding the forces driving the dynamics of epilithic algal communities in their natural environment is of critical importance for the management of stream ecosystems (Azim et al. 2005) .
Tropical and subtropical mountain streams are characterised by large-scale meteorological disturbances such as monsoons, rainstorms, and typhoons (Smith et al. 2003) . These influences can affect physical and biogeochemical processes, the food-web structure, and ecosystem metabolism (Webster et al. 2005; Huang et al. 2007; Yang et al. 2009 ). Global warming is expected to change the spatial and temporal patterns of precipitation, to increase the intensity of storms and precipitation, and to reduce the duration of sunshine in tropical and subtropical regions (Kerr 2007; Zhang et al. 2007) . Increased precipitation and a greater frequency of disturbance might increase the surface runoff from watersheds to inland aquatic ecosystems such as streams, lakes, and wetlands. Alterations to the functions of ecosystems caused by episodic weather events in tropical and subtropical montane aquatic ecosystems have garnered much recent attention (Tsai et al. 2008; Jones et al. 2009; Jennings et al. 2012) .
To date, most studies that have examined the effects of flow regimes on epilithic algae have been carried out in temperate streams or rivers. These studies have primarily focussed on anthropogenic or natural variability in stream and river flows (Biggs 1995; Robinson et al. 2004 ; Robinson and Uehlingerresearch has simultaneously assessed the contribution of flood disturbance and catchment properties to the periphyton ecology of streams (Biggs 1995) . The temporal dynamics of epilithic algae in tropical and subtropical mountain streams, especially those subject to severe episodic events such as typhoons and storms, remain poorly understood (see Yang et al. 2009) , and no similar research exists for subtropical mountain streams, particularly for studies using a process-based dynamic model. Changes in the intensity or frequency of tropical storms or typhoons may induce quantitative and qualitative changes in the nutrients supporting the photosynthetic activities of algae and the physical and chemical characteristics of habitats (Tsai et al. 2011; Kohler et al. 2012) . Such events could strongly impact the dynamics of epilithic algae.
The spatial distribution, abundance, and species composition of epilithic algal communities are governed by hydrological patterns (Bunn and Arthington 2002; Souchon et al. 2008; Poff and Zimmerman 2010) . Intermediate water flow may increase the uptake of nutrients (Biggs et al. 1998; Townsend et al. 2012) and support the recolonisation of epilithic algae (Jørgensen et al. 2000) , thus increasing their biomass and/or biodiversity. In addition, very high levels of water flow may eliminate algal cover on the bedrock and sediments, reduce standing stocks, and change community structure in streams and rivers (Robinson and Uehlinger 2008) . Surface runoff may increase anthropogenic nutrient loading from watersheds and thus stimulate the growth rate of algae , whereas terrestrially derived organic matter loading may reduce light availability and thus indirectly reduce algal biomass (Julian et al. 2008) . The effects of hydrological variation on epilithic algal communities are thus difficult to predict a priori because they depend on both the discharge conditions and catchment characteristics (Biggs 1995) .
While nutrient supply may increase algal biomass, particularly in streams with infrequent floods (Biggs 2000) , scrapers may reduce algal biomass (Feminella and Hawkins 1995) . A literature survey by Hillebrand (2002) of experiments with factorial and replicated manipulation of scraper access and nutrient supply indicated that scrapers have a greater effect (top-down) on algal biomass than do nutrients (bottom-up), though experimental design could profoundly affect the relative effects. By examining the natural abundance of stable carbon and nitrogen isotopes, it has been demonstrated that diatoms are the major food source for scrapers in some subtropical mountain streams (Chang et al. 2012; Lin et al. 2012) . Aquatic insects may limit algal biomass and alter the community structure and may also exert strong indirect effects within food webs and nutrient cycling systems (Holomuzki et al. 2010) .
Herein, we report a 20-month study (February 2007 -September 2008 of the seasonal dynamics of epilithic algal biomass in subtropical mountain streams located in central Taiwan. These streams were located in the Chichiawan Stream (CCWS) basin and were characterised by different levels of riparian vegetation cover and agricultural activity. This study focussed on (1) determining the seasonal dynamics of the epilithic algal biomass in these subtropical mountain streams, (2) assessing how the storm-induced water flows affected the dynamics of epilithic algal biomass, and (3) examining the effects of different levels of riparian vegetation cover and agricultural activity on the dynamics of epilithic algal biomass via a process-based dynamic model. We anticipated that storminduced high water flows would be the major driver that shapes the seasonality of epilithic algal biomass. The extent of riparian vegetation coverage and the levels of surrounding agricultural activity would shape the in-stream environment (e.g. discharge, water temperature, nutrient levels, and light availability). Interactions between the physical and chemical properties of stream ecosystems and the physiological traits of algal communities (e.g. flow-induced detachment and the temperature-dependent growth rate) would determine the seasonal growth trajectory for algae at different sites.
Materials and methods

Study site
The CCWS basin is located in the central montane region of Taiwan at 1720-2100 m elevation. The basin contains three third-order streams (Chichiawan (CCWS), Yousheng (YSS), and Kaoshan (KSS) streams) and two second-order streams (Taoshan West (TWS) and Taoshan North (TNS) streams) ( Fig. 1 ). Streambeds were primarily composed of weathered sandstone and slate. The mean annual water temperature was 128C (monthly averages ranged from 10 to 188C) (Yu and Lin 2009) . Annual precipitation could exceed 1600 mm, and the mean monthly rainfall was typically ,100 mm in the dry season (November-April) and frequently exceeded 220 mm in the wet season (May-October). A single typhoon can drop .1000 mm of precipitation on the drainage basin, and each year, on average, 3.4 typhoons directly affect this basin (Typhoon DataBase, Taiwan Central Weather Bureau). During the study period, the basin was affected by four typhoons. These were Sepat and Krosa in August and October of 2007, respectively, and Kalmaegi, and Fung-wong in July of 2008. These typhoons were intense meteorological events and induced rapid flushing in these streams.
The CCWS drains a basin of 76 km 2 and is 15.3 km long and 3.0-35.0 m wide with a mean gradient of 130 m km À1 (Lin et al. 1990) . Bed sediments contain 42% pebbles in the dry season, and 26% cobbles and 21% boulders in the wet season (Yeh 2006) . The central reach of the CCWS has been developed for agricultural production and features higher mean temperatures (138C) and nutrient concentrations. The recorded concentrations of nitrateþnitrite nitrogen (NO 3 þNO 2 -N) and total phosphorus (TP) were 4.12 and 0.024 mg L
À1
, respectively (Yu and Lin 2009 . Streambed composition varied seasonally, consisting mainly of 39% pebbles and 27% cobbles in the dry season and 44% boulders in the wet season. The catchment of the KSS is covered by natural forests, and no agricultural activity occurs along the stream (Yu and Lin 2009; Hsu et al. 2010 ). The YSS is located downstream of the CCWS and is 11.4 km long with a mean gradient of 68 m km À1 and a catchment area of 31 km 2 . Its substrate is mainly composed of 39% gravel and 39% pebbles (Yeh 2006) . The YSS has been channelised, and the natural riparian vegetation was replaced with farmland in the 1970s. Thus, this stream had the highest mean water temperature (168C) and nutrient concentrations (the recorded concentrations of NO 3 þNO 2 -N and TP were 8.5 and 0.037 mg L À1 , respectively) of the streams studied (Yu and Lin 2009) .
Five study sites were assigned in the study basin (Fig. 1) . Site 1 was located in the TWS and Site 4 in the KSS in the pristine upper reach of the CCWS basin. Both were designated to be reference sites, as the other sites were affected by anthropogenic activities. Site 2 was located in the central reach of the CCWS, Site 3 was in the downstream reach of the CCWS, approaching the confluence of the KSS and CCWS, and Site 5 was in the downstream reach of the YSS before its confluence with the CCWS. Sites were selected to reflect different coverage levels of riparian vegetation and agricultural activity (Table 1) .
Sample collection and analysis
Environmental data and biological samples were collected at monthly intervals at each site. Canopy cover and epilithic algal biomass values were recorded every two months in the wet season to account for the rapid change in the in-stream environment and every three months in the dry season. Water temperature, pH, conductivity, turbidity, and dissolved oxygen (DO) were measured with a portable sonde (model 6560; YSI Inc., Yellow Springs, OH, USA) at 07:00-10:00 hours on sampling days. Downward-directed, photosynthetically active radiation (PAR) was measured at a land-based weather station situated near Site 2. Water depth and current velocity were recorded with a velocimeter (FlowTracker Handheld-ADV, SonTek/YSI Inc.). Water samples were stored on ice for no longer than two days before being analysed for concentrations of nitrite N, nitrate N, ammonium N (NH 4 -N), phosphate P (PO 4 -P), and silica (Si) following methods of the American Public Health Association (Clesceri et al. 1998) .
Epilithic algal samples were collected from randomly selected cobbles (n ¼ 5-12) in riffles at each site, as riffles constituted .80% of the total surface area across all sites (Yeh 2006) . On each cobble, a 12.5-cm 2 steel frame was used to define the sampling area for the algal patch. Four algal patches were scraped off each cobble with a toothbrush, cleaned with 50-100 mL of filtered stream water, and then stored in cool, dark conditions until the laboratory analysis (Yu and Lin 2009 ). In the laboratory, algal samples were centrifuged for 10 min to concentrate them to 5 mL. Algal samples were then extracted for chlorophyll (chl) a (an index of algal biomass) in 90% acetone for 24 h at 48C in the dark and analysed spectrophotometrically (Jeffrey and Humphrey 1975) . Aquatic insects were collected using a Surber sampler with an area of 30.5 Â 30.5 cm and a mesh size of 250 mm. Six random samples from riffles were taken at each site. These were carried back to the laboratory to determine the biomass and to identify organisms to the lowest possible taxonomic level using available keys (Merritt and Cummin 1996; Kawai and Tanida 2005) . The trophic model of the CCWS has demonstrated that algivorous insects are the most abundant herbivores . Herbivorous fish (e.g. the shovelmouth minnow) and other algivorous invertebrates (e.g. snails) were not abundant, and the effects of grazing could be ignored. Only the biomass of algivorous insects belonging to the Baetidae, Heptageniidae, Glossosomatidae, and Uenoidae was used for modelling.
Model development
We developed a mechanistic model to assess the key drivers responsible for the seasonal dynamics of epilithic algal biomass at each site based on a process-based model proposed by Uehlinger et al. (1996) . To reduce model complexities and parameter uncertainties, basic model assumptions and simplifications made included the following: (1) sampling sites were considered to be independent of each other, although abiotic (nutrient concentrations) and biotic (algal biomass) conditions at one site might be related to conditions at a neighbouring site; (2) modelling was focussed on algal biomass changes that occurred in riffles to reduce the influence of biological and chemical differences between habitat types (e.g. vegetation cover, food-web structure, hydrological patterns, and light regime); and (3) because we attempted to simulate and interpret drivers that dominate the seasonal dynamics of algal biomass, variables included in the model were only those thought to influence the biomass of epilithic algae over monthly to seasonal timescales. Seasonal dynamics of epilithic algal biomass can be calculated as a dynamic balance between net light-and nutrientdependent growth, a flow-induced loss process, grazing loss, and natural death (Uehlinger et al. 1996) and was calculated as follows:
where y is the biomass of epilithic algae ((mg Chl a) m À2 ), t is time (days), m max is the maximum instantaneous growth rate of algae (day À1 ), b is the coefficient of the temperature-dependent growth rate of algae (8C À1 ), T is the mean daily water temperature (8C), T 0 is the reference water temperature (8C), C det is an empirical detachment coefficient (s m À3 day
À1
), Q is the measured discharge of the stream (m 3 s À1 ), y 0 is the minimal biomass required to recover after floods (mg m À2 ), m is the natural mortality of algae (%), s is the scraper foraging efficiency (m 2 g À1 day
), and G is the scraper biomass (g m À2 ). NR and IR represent the governing equations for nutrient and light limitations, respectively, of algal growth. NR is formulated as the Monod equation (McCarthy 1981) and incorporates Liebig's law for the colimitation of nitrogen, phosphorus, and silica, as follows:
where N, P, and Si are the waterborne concentrations of nitrate N, phosphate P, and silica (mg L À1 ), and K N , K P , and K Si are half-saturation coefficients (mg L À1 ), which refer to the concentrations at which growth rates of epilithic algae are one-half of the maxima for nitrate N, phosphate P, and silica, respectively. The effect of light availability on algal growth caused by riparian canopy shading was formulated as:
where k and l refer to the shade coefficients (dimensionless), and S is the fraction of shade on the algal mat (%) caused by the riparian canopy (Rutherford and Cuddy 2005) .
Model parameterisation and validation
Input parameters of irradiance, temperature, flow rate, canopy cover, biomass of algae and scrapers, and concentrations of nutrients were adapted by the measured seasonal averages. It was not possible to obtain all of the parameters required for the process-based model from field sampling and measurements as sufficient individual field experiments were not available. Some parameters could, however, be estimated from the literature, including the order of magnitude for the parameters for m max , T 0 , s, K N , K P , K Si , k, and l (Table 2) . This study adapted a preliminary dataset to estimate the best-fit values of site-specific unknown model parameters (b, y 0 , and C det ) by fitting the proposed model to all of the field data using nonlinear least-squares regression. An initial set of parameters was estimated and then modified to reproduce the observed dynamics of algal biomass at each site. The remaining parameters for each site were carefully and simultaneously calibrated to agree well with the observed data. Validation and calibration of the model were considered successful relative to the field measurements of the temporal profiles of algal biomass at each site if model outputs were within one standard deviation of the measured mean (Jørgensen and Bendoricchio 2001) . In addition, the goodness of fit was evaluated using a coefficient of efficiency (EC) (Nash and Sutcliffe 1970) , computed as
where i denotes the number of measurements, X 0,i are the measured data i, and X s,i is the output result corresponding to data point i. The goal of model calibration was to obtain an EC value as close to 1 as possible. All modelling was performed using Matlab ver. 6.5 (Mathworks, MA, USA). All steady-state analytical solutions were derived or checked using the appropriate Matlab Symbolic Math Toolbox functions. We could not determine the time-dependent solutions analytically and thus integrated the differential equations numerically in Matlab.
Sensitivity analysis An analysis of sensitivity was performed to assess the most sensitive components of the algal biomass model (Eqn 1) at each site over the entire study period. It was based on the sensitivity function in Uehlinger et al. (1996) (Uehlinger et al. 1996) .
Statistical analysis
We examined Pearson's correlations for clarifying the potential forcing variables that were highly correlated in the proposed model (À0.70 . r . 0.70) to avoid covariance between forcing variables and to identify the most significant driver of the algal biomass dynamics accompanying the sensitivity analysis. A paired t-test was used to compare the correlation of sensitivity curves between selected forcing variables. Statistical analysis was conducted using Statistica Ò software (StatSoft, Tulsa, OK, USA). A P , 0.05 was considered statistically significant.
Results
Seasonal variations in algal biomass and potential drivers
Water temperatures and canopy cover showed clear seasonal fluctuations during the study period. On average, temperatures were ,48C higher at Site 5 (Fig. 2a) , which was characterised by a landscape heavily modified for agricultural activities (Table 1) . Canopy cover was highest at the site surrounded by pristine forest (Site 4, 59.5-87.2%) and lowest at the site with the widest open stream channel (Site 2, 3.7-34.0%) (Fig. 2b) . Discharge was higher in the wet season (May-October) and lower in the dry season (November-May). Temporal peaks of discharge consistently corresponded to typhoons and rainstorms (Fig. 2c) . Typhoons in August and October of 2007 and July of 2008 increased the discharge levels at Sites 4 and 5 by as much as 14-110-fold compared with calm days. High discharge levels quickly returned to normal until the next typhoon. Concentrations of nitrate N and phosphate P were higher at Sites 3 and 5 (Fig. 2d, e) , which might have been due to the intensive farming activities along those stream sections. Silica concentrations were generally higher in the wet season (Fig. 2f ) . The seasonal dynamics of scraper biomass were highly consistent across sites. Scraper biomass peaked in winter, decreased in spring, and was almost absent in summer and autumn (Fig. 3) .
Algal biomass was characterised by a seasonal pattern corresponding to the seasonal dynamics of flow (Figs 2a and 4) . Seasonal trends in algal biomass were similar among Sites 1, 2, 3, and 4 ( Fig. 4a-d) . Algal biomass remained low during the typhoon season (July-October) (mean algal biomass ranged from 0.81-1.21 mg m À2 ), increased and peaked in winter (December or January), and then rapidly dropped in early summer (from May-June) (mean algal biomass was 8.24-17.37 mg m À2 during the non-typhoon season) ( Fig. 4a-d ) . Generally, winter peaks of algal biomass at these sites were related to low riparian cover or high light availability and low discharge rates or low detachment loss (Figs 2b, c and 4a-d ) . In contrast, algal biomass at Site 5 showed distinct seasonal variations. Levels increased from early spring, peaked during early summer, dramatically dropped to low levels during the typhoon season (summer and autumn), and remained at low levels during winter and early spring (Fig. 4e) . 
Model validation and parameterisation
Model-output values corresponded closely with the temporal trends of the field measurements of epilithic algal biomass at all study sites, with EC values for model performance .0.77 ( Fig. 4a-e) . Most model outputs were within the error limits (1 standard deviation) for the observed data. Underestimation of algal biomass occurred only in April and July 2007 at Site 3. These results suggest that the algal biomass models were capable of describing the seasonal patterns of epilithic algal biomass caused by various flow disturbances in the CCWS. Several key processes that drive algal growth, C det , y 0 , and b, were quantified by optimally fitting the model to the measured data in association with known environmental variables and biological parameters ( Table 2 ). The highest value of C det (31.9 s m À3 day À1 ) was observed at Site 5 (Fig. 5a ). The highest value of y 0 (11.32 mg m À2 ) was observed at Site 1 and was at least 3 times higher than values at other sites, which ranged from 0.78 to 3.03 mg m À2 (Fig. 5b) . We found that the first measurement of algal biomass after the typhoon season at most of the study sites was lower than the estimated y 0 . b was negative at sites characterised by lower water temperatures and higher canopy shading (Sites 1, 3, and 4) (Figs 2a, b and 5c ). In contrast, b was positive at sites with higher temperatures and light availability (Sites 2 and 5) (Figs 2a, b and 5c ).
Sensitivity analysis
The highest sensitivity function values were observed at Site 5 (436.7 Â 10 3 ) (Fig. 6e) , which featured the most distinctive seasonal variations of algal biomass among all of the study sites (Fig. 4e) . Generally, the sensitivity curves for light availability and nutrients were strongly correlated (P , 0.001) at all of the study sites, and the estimated sensitivity function values were similar for light availability (i.e. canopy cover) and nutrient concentrations (Fig. 6a-e) , although they were not statistically correlated with each other at most study sites (P . 0.05) ( Table 3 ). This finding suggests that light and nutrients may be colimiting factors on algal growth (Fig. 6a-e) . Water temperature positively correlated with canopy cover at all study sites (P ¼ 0.01-0.0001) (Table 3) . However, algal growth showed site-specific dependency on changes in temperature. Algal biomass decreased with increasing temperature at sites with denser canopy cover and lower water temperatures (Sites 1 and 4) (Figs 2a, b and 6a, d ) but increasing temperature stimulated algal growth at sites with moderate or low riparian forest shading (Sites 2, 3, and 5) (Figs 2b and 6b, c, e) . Values of the site-specific sensitivity function for temperature were mainly determined using estimated values of the site-specific and temperaturedependent algal growth rates (b) (Fig. 5c ) in Eqn (1).
When algal biomass was high, high discharge led to a reduction in biomass, as was observed during the winter peaks at Sites 1-4 and during the summer peaks at Site 5 (Fig. 6a-e) . Overall, the effects of flow-induced detachment increased during periods of high algal biomass (Figs 4 and 6) . In contrast, sensitivity function values were positively correlated with discharge in the non-typhoon periods, particularly at Site 1, which had the lowest flow rates (Figs 2c and 6a) .
For all study sites, biological variables (e.g. scraper biomass and the minimal biomass required to recover) affected algal biomass less than did environmental factors (P . 0.05). Scraper biomass showed a negative correlation with flow rate (r ¼ À0.70, P , 0.05) (Table 3) , and no significant difference existed between their sensitivity curves (P . 0.05). A low flow rate in winter facilitated the control of scrapers in algal biomass at the low-stream-order, pristine Site 1 (Fig. 6a) . The effects of the minimal biomass required for recovery (y 0 ) were comparable to environmental variables (e.g. light availability, nutrient concentrations, and temperature) only at Site 3 (Fig. 6c) , which featured the smallest value of y 0 (Fig. 5b) and higher nitrate N and phosphate P concentrations among study sites, as well as intermediate canopy cover and moderate discharge (Fig. 2b-e) .
Discussion
Predicting which factors will regulate the structure and function of algal communities remains a challenge for stream ecologists. Stevenson (1997) developed a hierarchical framework of factors affecting benthic algae in streams and postulated that better predictions can result from the understanding that higher-scale factors may constrain the effects of lower-scale factors. In this study, the critical processes shaping seasonal variations in epilithic algal biomass were evaluated by comparing proposed process-based model outputs to measured data. The results of this analysis revealed that episodic floods are the major environmental drivers that shape the seasonal dynamics of epilithic algal biomass. The findings support the hierarchical framework (Stevenson 1997) in these subtropical mountain streams. That is, the effects of water temperature, nutrients, light availability, and grazing on epilithic algal biomass were evident only after accounting for the large-scale constraints of land use, such as the levels of riparian vegetation and agricultural activity. The higher-level constraints on lower-level effects can explain the paradox of the same factor having different effects at different sites. However, our results also suggest that the lower-level physiological properties of algal communities (e.g. flowinduced detachment and temperature-dependent growth rate) should be considered when predicting how epilithic algal biomass reacts to episodic floods.
Drivers of algal biomass dynamics
The distinct seasonal trend in epilithic algal biomass (peaking in the early summer and decreasing during the typhoon season and winter) was observed only at the single site characterised by intensive agricultural activities and a channelised streambed (Site 5). On the other hand, a winter seasonal peak in algal biomass was recorded at other sites (Sites 1-4) that were surrounded by pristine or partially logged forests. To a large degree, higher temperatures (,48C higher) appear to account for the occurrence of an early summer peak at Site 5, which featured the highest water temperature among the study sites during the spring and summer (Figs 2a and 4e) . Thus, the higher growth rate of algae with temperature at Site 5 was reflected in the estimated highest positive values of the temperature constant (b) (Fig. 5c) . In contrast, values of b were smaller or even negative at other sites (Fig. 5c) , which might explain why there were lower levels of algal biomass in the summer and a buildup of winter biomass. However, high algal biomass (87.9 mg m À2 ) in the early summer of 2007 could be attributed to the high nitrate N concentration in the water at the intensive agricultural site (Site 5) (Figs 2d and 4e) . When compared with the nutrient levels in July 2007, a nitrate N concentration that was ,50% lower and a temperature that was 38C lower in May 2008 might explain the low algal biomass at Site 5 (10.5 mg m
À2
). This finding indicates that both higher temperatures and nutrient loading may lead to a high growth rate for epilithic algae in the early summer at the intensive agricultural site (Site 5).
The overall effect of grazing on epilithic algal biomass in the CCWS was minor. This finding was supported by the mixed trophic impacts analysis of the trophic model for the CCWS, which showed that increasing the biomass of aquatic insects would have a minor impact on epilithic algal biomass . Our sensitivity analysis also demonstrated that the effect of grazing was visible only at the low-stream-order, intermediatecanopy-cover, pristine Site 1 during the winter (Fig. 6a) . However, the scraper biomass at Site 1 was not the highest among all of the study sites at that time (Fig. 3) . Filamentous green algae are observed more frequently in open-canopy sections of CCWS that have high nitrate N concentrations in the water in the summer (Yu and Lin 2009) . Stable isotope analysis has demonstrated that a relatively low proportion of filamentous green algae is being consumed by scrapers . This finding may explain why the effects of grazing become visible only in the upper reach of the CCWS in winter when diatoms, rather than filamentous green algae, become the dominant taxa in epilithic algal communities. However, the effect of grazing is not visible at Site 4, the other pristine, lowstream-order site, which is likely because the discharge level is higher at Site 4 relative to Site 1. High discharge levels have been shown to be the major driver reducing aquatic insect populations in the CCWS .
Effects of flow on the dynamics of algal biomass Typhoon-and rainstorm-induced events governed the seasonal dynamics of epilithic algal biomass, which explains the period of very low algal biomass during the annual typhoon season (July-October). Mechanical action from extreme floods during these periods reduced the levels of epilithic algal biomass. The highest value of C det (31.9 s m À3 day
À1
) was observed at Site 5 (Fig. 5a ), suggesting that algal communities were easily affected by high storm-induced water flow and that flow-induced detachment loss largely accounted for the seasonal patterns of algal biomass. Similar results were reported in other stream and river ecosystems affected by natural and anthropogenic events (Uehlinger 1991; Uehlinger et al. 1996) . This result is because shear stresses on the epilithic algal mat from the magnitude of the discharge cause detachment once the flow rate reaches a critical level (Uehlinger 1991; Uehlinger et al. 1996) . However, we also found that moderate discharge levels stimulated growth and the accumulation of epilithic algal biomass in spring and early summer, as was the case at sites with slower flow rates (Site 1). The first measurement of algal biomass after the typhoon season at most study sites (Fig. 4a-e) was lower than the estimated value of the minimal biomass required for recovery (y 0 : Fig. 5b ). This result may explain the low recovery rate of epilithic algal biomass at each site before the winter peaks (Fig. 4a-e) . We found that moderate water flow stimulated algal growth in the non-typhoon periods, particularly at the site with the lowest flow rate (Site 1). Moderate current speeds might stimulate algal accumulation by reducing the thickness of the diffusion boundary layer and thus improving the uptake of CO 2 and nutrients and the removal of oxygen by the algae. This process may make it easier for photosynthetic organisms to reach a higher level of chlorophyll density and biomass (Horner et al. 1990; Biggs et al. 1998; Townsend et al. 2012) . Sensitivity analysis revealed that a more-reliable mechanisticbased model for biomass dynamics during non-typhoon-induced flood periods would require a higher frequency of field sampling, particularly when regional weather patterns drive smaller floods or natural flow variability. Sensitivity function values quantify the extent of algal biomass variation caused by a change in the selected driving force (e.g. temperature, discharge, light intensity, and nutrient concentration). For example, sensitivity function values for Site 5 were ,1-2 orders of magnitude higher than for other sites, especially in periods with the highest biomass in early summer (Fig. 4e) . This result may indicate that the sampling interval used might be too long to capture the details of rapid temporal changes in algal biomass before and after the seasonal peaks. An adequate sampling frequency that covers the algal dynamics before and after these critical periods could improve the validity of the proposed model.
Effects of light availability
Our results indicate that light and nutrients may have both limited the growth of epilithic algae at all study sites. Light availability is often the predominant single driver shaping temporal changes in algal biomass and productivity over the short term, especially on a weekly time scale (Robson 2005; O'Brien et al. 2009 ). This fact is particularly true in comparatively nutrient-poor and unproductive pristine shallow freshwater ecosystems (Karlsson et al. 2009 ). Because most natural and pristine streams or rivers around the world are shallow with low nutrient concentrations, a high canopy cover, and low phytoplankton biomass, light-limited benthic algae tend to dominate primary production. Light availability is commonly reported to be the dominant limiting factor, rather than nutrients or temperature, in stream and river ecosystems, especially in habitats with subsaturated irradiance (Mosisch et al. 2001; Webster et al. 2005) . In addition to the effects of scouring floods that removed algal biomass, we found that shade from the riparian canopy cover was another key driver of algal growth at all study sites. The narrow active channels and dense canopy cover of most study sites meant that riparian forests influenced light availability, with the exception of Site 2 (Table 1, Fig. 2b ). Sensitivity analysis showed that the effects of light availability varied seasonally and were pronounced in the winter, with high levels of algal biomass (Fig. 6a-d ) . Leaf fall in the winter allowed light to reach the channel surface and had a clear effect on algal communities at most of the study sites. We also found that light availability had a profound effect at sites with higher canopy cover. Growth and production of an algal community might be affected by both short-term irradiance and previously experienced light conditions (O'Brien et al. 2009 ). The growth of darkacclimated algae may show increased sensitivity to variations in incidental irradiance than do light-acclimated algal communities (O'Brien et al. 2009 ). We suggest that direct measurements of the irradiance intensity, the site-specific algal growth rate, and quantitative assessments of the relationship between photosynthesis and irradiance (P-I) are needed to develop a better understanding of how light availability alters the temporal dynamics of algal biomass and to examine the combined effects of light and nutrients on the growth of epilithic algae in streams (Kaiblinger et al. 2007; Torremorell et al. 2009 ).
Model limitations and application
In this study, a process-based biomass model was constructed and parameterised to generate a first glance at the major mechanisms or processes driving site-specific seasonal dynamics of algal biomass in subtropical mountain streams. However, the capabilities and limitations of the proposed model must be identified before extensive use of the model. This model requires a large number of site-and temporal-specific input parameters, which might not be easily accessible or even available. In general, our model performed well in describing the biomass dynamics of epilithic algae at all of the study sites during the study period. However, it clearly underestimated the 2007 biomass level at Site 3, where concentrations of phosphate P were higher than in the following year. Our model used the Monod equation, with inputs of universal light-and nutrientutilisation constants (m max , T 0 , K N , K P , K Si , k, and l), to simulate algal biomass changes under various nutrient and light levels. However, the values of these parameters may vary widely among and within algal taxa and may even vary among individual cells as they adapt to surrounding nutrient concentrations or light regimes (Bothwell and Kilroy 2011; Veraart et al. 2008) . The performance of this model is expected to improve following the collection of site-, species-, and time-specific physiological and ecological information, which would be vital for more accurate predictions.
In addition to the effects of input parameter quality and availability, appropriate measurement data profiles with an adequate sampling frequency that effectively reflect the quantitative relationships between potential drivers and algal biomass could improve the reliability of the model's outputs. In general, this model performed well at illustrating site-specific seasonal dynamics of epilithic algae in the CCWS basin. However, a higher sampling frequency (e.g. monthly or weekly) might be required if this model is used to explore additional ecological issues or mechanisms that occur on smaller time scales. Some examples might be algal biomass reactions to, and recovery from, episodic disturbances such as storm-induced floods, dam removal, pulse inflows of high-nutrient runoff from surrounding agricultural land, and the occurrence of benthic algal blooms. In such cases, sampling intervals on a weekly or daily scale would be more appropriate for analysis. This study presents the numerical effect of storm-induced events on epilithic algal biomass and quantitatively identified site-specific drivers of algal dynamics via a process-based model. The model performed reasonably well in modelling processes that affect epilithic algal biomass, such as interactions between discharge and biomass, underwater light availability and canopy cover, and the transition process of nutrient utilisation by algae characterised by riparian land use. Some effects were minimised in this study, including nutrient releases from sediments and neighbouring areas. It is important to emphasise that the taxonomic and physiognomic structures of epilithic algal species, and thus their biomass dynamics, can be dramatically affected by such processes (Pringle 1987) . However, the model is still useful for assessing and predicting the site-specific biomass responses of epilithic algal communities to expected climate or weather scenarios. This study revealed that nutrient levels, water temperature, light availability, and flow rates have important implications for establishing ecological standards for stream, riparian, and watershed ecosystem management. These environmental properties are also important when predicting the impact of temporal and spatial changes in meteorological phenomena, such as precipitation and temperature, on sitespecific dynamics of epilithic algal biomass.
